Abstract!
Introduction
• Quantitative measurement of average cerebral blood flow and metabolism in man first became possible when Kety and Schmidt in 1945 1 introduced the nitrous oxide
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certain limitations which will be reviewed in the discussion. The measurement of regional cerebral metabolism together with blood flow is of considerable importance because it should provide basic information concerning regional function of the brain in health and disease.
Bearing in mind the potential clinical usefulness of accurate measurements of cerebral blood flow and metabolism, a method will be described which employs the intracarotid injection of a bolus of hydrogen-saturated saline for the measurement of hemispheric blood flow (HBF) which also makes possible quantitative estimation of the metabolism of each hemisphere. This method has been extensively evaluated in the monkey prior to its use in man. 4 In this communication, some illustrative results obtained in our laboratories will be presented along with a critical evaluation of the application of the method to man. Some new observations concerning the distribution of venous blood derived from each hemisphere into each transverse sinus will also be discussed.
Method
The hydrogen bolus method has been employed successfully in 46 patients, but measurements limited to the first 30 only will be reported in this paper. Twenty-four suffered from occlusive cerebrovascular disease, one had a large arteriovenous malformation of one hemisphere, three suffered from dementia, one suffered from seizures, and one had paralysis agitans. Their ages varied from 30 to 74 years with a mean of 56 years. Informed consent was obtained in writing from each patient or their responsible next of kin prior to carrying out the procedure.
Under fluoroscopic control, using an image amplifier, a catheter was inserted into each cerebral transverse or sigmoid sinus via the basilic veins of the forearms. 6 Another catheter was placed into the femoral artery to obtain arterial samples. The oxygen saturation of the arterial and cerebral venous blood was monitored with CC oximeters (Kipp, Model 3), which were regularly calibrated using the manometric method of Van Slyke and Neill. The oxygen content was calculated from oxygen saturation, oxygen capacity, and the dissolved oxygen obtained from the P^ value. Using the method described by Gotoh et al., 6 P 0 o 2 , pH, respiration, and systemic blood pressure were also monitored. Electrocardiograms and electroencephalograms were recorded throughout the measurements.
HEMISPHERIC BLOOD FLOW (HBF)
At least 15 minutes following puncture of both internal carotid arteries, a 5 ml bolus of hydrogensaturated saline was injected by hand alternately into each artery to measure blood flow. The bolus was prepared immediately before injection using sterile technique. Repeated cultures were made to be certain that the hydrogen-saturated saline was sterile and all cultures were negative for bacteria and spore-forming organisms. The injections were made rapidly by hand, each lasting about one to two seconds. The region of brain measured was the area supplied by one internal carotid artery, i.e., the ipsilateral hemisphere. Angiography was always performed prior to the blood flow measurements to verify that the carotid artery injected supplied the ipsilateral hemisphere without demonstrable cross filling except in the cases of internal carotid occlusion.
The hydrogen electrodes are an application of the polarographical principle and were constructed in the same manner as the oxygen electrodes used in our laboratory 6 except that the electrical potential of 0.68 v from the Beckman Physiological Gas Analyzers (Model 160) was reversed so that the platinum electrode acted as the anode. These electrodes have been improved upon since they were originally described 7 in that the platinum wire was sealed in a glass tube and had an exposed surface area of 200 /j, diameter and the surface of the platinum was lightly platinized with platinum chloride (1% solution) and covered with a polyethylene membrane 25 fi thick rather than a Teflon membrane. Two hydrogen electrodes were used to record simultaneously the partial pressure of hydrogen in both cerebral transverse sinuses.
HBF was calculated from the clearance curves of hydrogen using a formula based on the Meier-Zierler modification of the Stewart-Hamilton principle described in an earlier report. 4 When the indicator is injected at an inflow orifice and the measurement is done at the outflow orifice, the mean transit time of the indicator t may be written: (1) r Jo where t is the time after injection in minutes and C (t) is the observed concentration of the indicator at time t at exit. 8 When hydrogen is used as the indicator, the partition coefficient for hydrogen, \, is almost unity. 9 ' 10 Therefore, we may write: 4 
where / is blood flow per gram of tissue. The hydrogen concentration in the blood may be quantitatively expressed as its gas tension provided that molecular hydrogen does not combine with any of the blood constituents. In this communication, the flow values were calculated throughout ten-minute intervals following injection since the clearance was virtually complete within that time. These flow values were expressed as ml/100 gm brain tissue where brain tissue is defined as both parenchyma and blood included in the cerebral vessels.
HEMISPHERIC METABOLIC INDEX (HMD
The conventional cerebral metabolic rate, whether it be uptake or release, was calculated from the product of blood flow and cerebral arteriovenous differences of the metabolites. However, it is common knowledge that blood in each internal jugular vein is a mixture of blood from both hemispheres; and although the blood from each internal jugular vein is fairly representative of blood derived from the ipsilateral hemisphere, the ratio of mixing is different in each individual, the evidence for which will be discussed later. The amount of metabolite from each hemisphere can be estimated from the ratio of hydrogen appearing into each transverse sinus after injection of the internal carotid artery, as suggested in an earlier paper. 4 Assuming that the venous blood derived from each hemisphere and distributed into each transverse sinus is as shown in the theoretical model in figure 1 , then the total blood flow of the right and left transverse sinuses, which we will term F x and F 2 , are:
where F R is the total blood flow of the right hemisphere, F L is that of the left hemisphere, and /j and f t are the blood flows leaving the right hemisphere to enter the left transverse sinus and the blood leaving the left hemisphere to enter the right sinus, respectively. Let us consider the case of injection of a bolus of indicator into the right carotid artery (A). The indicator injected at A appears at B after perfusing the right hemisphere and then passes into D and EX where the blood is drawn. Let the ratio of the areas under the hydrogen clearance curve, if it be the indicator, appearing at D compared to that appearing at T/ following the right carotid bolus be called a. The relationships between the concentration of hydrogen at time / and located at B, which we will call Hg(t), and located at D and Tf, which we will call H,(t) and H t (t), respectively, are expressed in the following equations assuming flow to be constant: 
Schematic model of the blood distribution from each hemisphere into each transverse sinus. (See text for explanation of abbreviations.)
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f.
Similarly, the ratio of the appearance of hydrogen in jy and D following injection of the left carotid bolus b is:
The concentration of oxygen at time t at B, V R (t), and at B', V L (t), and at D, C^t), and at D', C 2 (t) may be written:
From equations 10, 11, 12, and 13 the following formulas may finally be derived:
The advantage of these final formulas is that they are not affected by the values of total blood flow or mixing of interhemispheric venous blood. The hemispheric metabolic index for oxygen consumption (HMI-O 2 ) was, therefore, calculated by multiplying HBF by hemispheric arteriovenous oxygen difference in volume percent using formulas 14 and 15 and expressed as ml/100 gm brain/min.
Results

CEREBRAL TRANSVERSE SINUS CATHETERIZATION
Bilateral transbasilic catheterization of the cerebral transverse sinuses was successfully performed in 80% of patients. In some patients anatomical abnormalities involving the angle of the subclavian vein in relation to the internal 422 jugular vein made it difficult to slide the catheter into the internal jugular vein of the ipsilateral side, so the catheter was manipulated through the brachiocephalic vein into the internal jugular vein of the opposite side. In two cases radiopaque dye injected through the catheter revealed atresia or a venous plexus formation in the distribution of the internal jugular vein high in the neck. In these two cases, only one catheter could be inserted into an unusually large cerebral transverse sinus on the opposite side.
EFFECTS OF INJECTING THE HYDROGEN BOLUS
An actual recording of the cerebral venous blood gases and pH during injection of the bolus of 5 ml saline saturated with hydrogen is shown in figure 2. There were no significant alterations in transverse sinus blood Po 2 , oxygen saturation, P O o 2 > °r pH, nor did the bolus injection significantly alter respiration, systemic blood pressure, or the electrocardiogram or electroencephalographic recordings. 
HEMISPHERIC BLOOD FLOW
Typical clearance curves of the hydrogen from both cerebral transverse sinuses are shown in -(12) (13) figures 3, 4, and 5. Following a rapid saturation phase, the clearance curve persisted for about ten minutes. Values for the partial pressure of hydrogen were read manually from the curves at five-second intervals and recorded on a graph in arbitrary units. In some patients, using a digital recorder (Hewlett Packard, model N28 562A), values were taken at intervals of one, two, ten, 20, and 30 seconds as well as at five seconds. The calculated blood flow values were in excellent agreement whether computed at intervals of one, two, five, or even ten seconds (table 1) . Therefore, a sampling interval of five seconds for calculating blood flow appeared justified. Table 2 contains a summary of the HBF measurements in 30 human subjects. Detailed information regarding the clinical manifestations in these patients has been described elsewhere. 
FIGURE 2
Effect of injection of bolus of hydrogen-saturated saline into left internal carotid artery of patient with right cerebral infarction. Injection caused no significant alterations of P o , oxygen saturation, P oo , or pH of left and right cerebral venous (CV) blood, or changes in respiration
and systemic blood pressure.
was sufficient to read. scale, supporting the assumption that each hemisphere represents a single mixing chamber. Figure 6 illustrates that following injection of the bolus the hydrogen does not recirculate into the arterial blood.
One of the advantages of this method is that blood flow can be measured in cases of internal carotid artery occlusion. In those patients in whom angjography revealed occlusion of one internal carotid artery (figure 6, table 2, cases with one asterisk) with collateral circulation apparently through the external carotid artery, hydrogen injected into the common carotid artery appeared in the transverse sinus but usually the ascending part of the curve was slower than usual. One should bear in mind that in such cases the region being measured is only that supplied by the collateral circulation.
In some patients, a 15 ml bolus was injected retrograde into the right brachial artery. Although the clearance curve that appeared in the cerebral venous blood after this type of injection is almost identical to that following carotid injection, the region measured is that perfused by the ipsilateral carotid and vertebral arteries. Values obtained following both right brachial and carotid artery injection in the same patient were similar, but as might be expected the correlation was not statistically significant (table 4, r = 0.39, 0.4 >P > 0.3) since the cerebellum and brain stem flow were combined with the hemispheric measurements. It is also possible to measure the blood flow of the left vertebral territory, i.e., the cerebellum and brain stem, with a left brachial bolus injection. 
COMPARISON WITH HYDROGEN INHALATION METHOD
Average cerebral blood flow was also measured in nine patients in this series during the desaturation phase employing the hydrogen inhalation method. 7 The average CBF values were in reasonable agreement with the mean of both HBF values (table 5) . However, in one patient in whom the hemispheric venous blood distribution into the transverse sinuses was almost exclusively from each hemisphere into its ipsilateral transverse sinus, the average CBF agreed only with the HBF values measured on the same side from which the cerebral venous blood was drawn during the inhalation measurements (table 5, case nine).
HEMISPHERIC METABOLIC INDEX FOR OXYGEN
The hemispheric metabolic index for oxygen (HMI-0 2 ) was calculated by the use of formulas 14 and 15 and expressed as ml O2/IOO gm brain (table 6). Table 6 also Sir oka, Vol. I, November-December 1970 displays the ratio for the areas under the hydrogen clearance curves for ipsilateral transverse sinus to contralateral sinus. In all except five patients the ratio was much higher following right carotid injection than after left carotid injection. The difference is statistically significant (P<0.05). In the isolated case (case nine) in which the hydrogen clearance curve was found exclusively in the ipsilateral side, since f, and f, equal 0, HMI-O 2 was calculated directly from the product of HBF and the ipsilateral arterial transverse sinus oxygen difference in volume percent. In only three of the total of 32 injections were the areas under the curve of hydrogen clearance greater on the contralateral than on the ipsilateral side. In other words, the clearance of hydrogen from each hemisphere was predominantly via the ipsilateral transverse sinus.
These data prove that diffusible gases such as hydrogen are not mixed completely in the sagittal sinus or torcular Herophili.
Discussion
Using the method described here, blood flow of the tissue supplied by one internal carotid artery was measured, i.e., almost exclusively the ipsilateral hemisphere. This method avoids certain difficulties inherent in the KetySchmidt 1 method, namely, sampling from one internal jugular vein the distribution of which is not known-a problem which makes the nitrous oxide method unsuitable for comparisons of blood flow between the two hemispheres.
Other methods employing isotopes for measuring HBF 3 ' 12 also have limitations, such as self-absorption of the radioisotope and uncertainty of the exact area measured due to the inverse square law and Compton scattering. 426
For the hydrogen method to be valid, the blood distribution from one hemisphere into each transverse sinus and the HBF should be constant during the time interval of measurement (ten minutes). In this series of patients, the clearance curves simultaneously recorded from both transverse sinuses were parallel (figs. 4 and 5), a finding also noted by Nylin et al. 18 
'
14 using the injection of thorium-Blabeled erythrocytes. The HBF values calculated from both transverse sinus curves were in good agreement (table 3) . Clearance curves from repeated injections of hydrogen in the same patient were highly reproducible. It has been reported previously that repeated average cerebral blood flow measurements in the same individual in the steady state have given extremely constant results.
15
" 17 This observation was also found to be true for measurement of HBF in the monkey. 6 These findings provide 
Hydrogen clearance curves from left transverse sinus in patient with right internal carotid occlusion. After injection of left carotid bolus, no hydrogen was recorded from femoral artery. After right carotid injection, hydrogen was distributed in the brain through collateral circulation and recorded in the transverse sinus.
strong evidence that in the steady state blood distribution from each hemisphere into each transverse sinus is constant as well as the HBF. An additional advantage of the method is that in patients with internal carotid occlusion it is possible to. measure the blood flow through the collateral channels. The possibility of extracerebral contamination using this method can be virtually excluded for the following reasons:
1. The tip of the venous catheter was placed high enough to avoid significant contamination of extracerebral origin.
2. Calculated blood flow values were higher than those reported as the extracranial blood flow. 18 3. In one patient, after administration of a new cerebral vasodilator drug (hexobendine), the collateral blood flow via the external carotid artery was markedly increased without increase in systemic blood pressure.
4. In another patient, not included in the present series, with occlusion of the internal Slrokm, Vol. 1, November-December 1970 carotid artery and no collateral circulation demonstrated by arteriography, there was no recorded hydrogen clearance in the cerebral venous blood after injecting the bolus into the common carotid artery.
Comparison of the hydrogen bolus method with the inhalation method reveals certain limitations of the latter technique. The appearance of identical hydrogen clearance curves but at different partial pressures in both sinuses indicates incomplete side-to-side mixing of blood, which has been reported previously by other investigators. 23 In such cases, average cerebral blood flow using the inhalation method is heavily weighted in favor of hemispheric blood flow from the side sampled in spite of the fact that Kety and Schmidt 24 found no significant differences in cerebral blood flow during simultaneous measurements from both internal jugular veins. In another study conducted in our laboratory in monkeys, 4 the results of both the bolus and inhalation methods were in good agreement This is to be expected since the monkeys were normal and there was probably little difference in blood flow between hemispheres.
Shenkin et al. 19 injected dye into the internal carotid artery of one side only and concluded that two-thirds of the blood supplied to the hemisphere was drained through the ipsilateral jugular bulb. According to HeUinger et al., 28 about 60% of the blood in the internal jugular vein comes from the ipsilateral hemisphere. Although most investigators have assumed that the ratio of the concentration of the indicator in each jugular vein indicates the blood distribution from the injected hemisphere, this is only justified if the blood volume of each vein is the same. If this assumption is correct, our studies reveal that about 85% of the blood derived from the right carotid territory and 65% of the blood from the left carotid territory flow out through the ipsilat- eral transverse sinus. This high ratio for the right side is especially true in cases of right internal carotid artery occlusion with collateral flow via the external carotid artery. Excluding the three cases of internal carotid occlusion (cases two, ten, and 23), after right carotid injection the calculated mean value of hydrogen distribution was about 75% in the ipsilateral transverse sinus and was not statistically significantly different from comparable values after left carotid injection. Although our finding differs from the results of the studies of Nylin et al. 14 and Shenkin et al. 19 whose tables of results and figures we carefully checked, it is noticeable that in many of their cases following right carotid injection the distribution of the indicator to the ipsilateral side is larger than after the injection on the left side. Nylin et al. 22 also pointed this out in a later study.
From the above considerations, we have concluded that the conventional method for calculating cerebral metabolic rate using average cerebral blood flow or HBF multiplied by arteriovenous differences measured from one jugular vein may not always be correct. 20 25 In cases in which f t and/or /» is 0 (as in case nine), the formula need not be used, but the hemispheric metabolic index can be calculated from HBF X ipsilateral arterial transverse sinus differences for oxygen.
The blood sampled from the transverse sinus or internal jugular vein also contains some blood from the territory of the vertebrobasilar system. For this reason, the term "metabolic index" was used instead of "metabolic rate." However, because of the limitations of the conventional method for measuring cerebral metabolic rate, the new formula for estimating hemispheric metabolism is believed to be more accurate than other methods.
All measurements discussed in this paper were done in the steady state and tabulated as mean values for each ten-minute interval. Simultaneous measurements of arteriovenous concentration differences for metabolites may be used, therefore, as valid estimates of hemispheric metabolism, despite the fact that the transit time of oxygen through the hemispheres is unknown.
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